The Seddon speed formula expressed mathematically as c = dg/dA (or alternatively, as c = (1 + m)u 0 ; where Q is the discharge, A is the area of cross-section, c is the wave speed, u 0 is the normal flow velocity, and m is a dimensionless parameter) is revisited in the context of elasticity and thermodynamics. Its link with the linearized solution of St Venant's equations for wave celerity, which does not appear to have been reported in the hydrological literature, is established. The rating exponent m is shown to be equivalent to the dimensionless relative celerity and is found to be the ratio of two specific heats, viz. c p and c v which are the specific heats at constant pressure and volume, respectively. The use of the parameter m as a complex variable helps describe shallow wave characteristics, the damping capacity of a wave, and the mechanism of occurrence of the hysteretic phenomenon. The damping capacity is found to describe the magnitude of wave subsidence, whereas the hysteresis also describes the speed of subsidence.
INTRODUCTION
The Seddon (1900) speed formula, first derived by Kleitz (1877) , is widely used in hydraulics, surface water hydrology and oceanography. It is expressed mathematically as c = dQ/dA, where c is the wave celerity, Q is the flow discharge, and A is the crosssectional flow area. For a wide rectangular channel, the Seddon formula can also be alternatively expressed as c = (1 -m)u 0 , where m is the rating formula exponent and u 0 is the normal velocity of the flow. The parameter m depends on the channel and flow characteristics (Ponce, 1989 ). For turbulent flow described by the Manning formula, m has an upper limit of 2/3; for laminar flow in wide channels, m = 2; and for mixed or Open for discussion until 1 December 2001 transitional flow between laminar and turbulent, m ranges from 2/3 to 2. For flow in a wide rectangular channel described by the Chezy formula, m = 0.5. The parameter m can be obtained for other friction formulae and cross-sectional shapes. Because the Seddon speed formula is accepted as a basic tool for flow routing (Singh, 1996) , it is tacitly understood that the wave speed computed using the formula is equivalent to that obtained from the solution of the equations representing the flow dynamics in open channel flow. The equivalence, however, has yet to be established (Ponce et al., 1996) .
The hydraulics of flow in wide rectangular open channels is described by St Venant's equations of continuity and momentum, expressed on a unit width basis, respectively, as:
where h is the depth of flow; u is the velocity of flow; g is the gravitational acceleration; Sf is the friction slope; S 0 is the bed slope; and x and t are the space and time coordinates, respectively. Due to their highly nonlinear nature, these equations do not yield exact analytical solutions for most real-world cases. Therefore, either approximate linearized methods or numerical methods are often utilized to solve them. Ponce & Simons (1977) and Menendez & Norscini (1982) solved these equations for wide rectangular channels using linear perturbation theory. Using this theory, Ponce & Simons (1977) derived the wave celerity and logarithmic decrement for kinematic (KW), diffusion (DW), steadydynamic (SDYW), gravity (GW), and dynamic waves (DYW) in open channel flow. Menendez & Norscini (1982) characterized these waves by wave celerity and phase difference and linked the logarithmic decrement (or attenuation) with the phase difference. Price (1985) and Kundzewicz & Dooge (1989) generalized this relationship. Singh (1996) provided a review of these studies. Thus, wave speed, attenuation, logarithmic decrement, and phase difference are closely linked with each other. The wave propagation characteristics can also be determined using the concepts of elasticity and thermodynamics. Rankine (1870) was perhaps the first to employ these concepts to analyse wave propagation. However, his concepts have not yet been explored in surface water modelling. Recently, Singh (1996) provided a discussion of the physical mechanism underlying the dynamics of flow using the laws of thermodynamics. The advantage of applying these laws is that they provide a physical interpretation of the mathematical derivations. Thus, the objective of this paper is to revisit the Seddon formula and derive wave propagation characteristics using the concepts of elasticity and thermodynamics.
CONCEPTS OF ELASTICITY AND THERMODYNAMICS

Concept of elasticity
The concept of elasticity is primarily derived from Hooke's law used in solid mechanics. In engineering mechanics, elasticity refers to the property of a material, whether solid, liquid or gas, which returns to its original position upon removal of the applied force. It is commonly analysed through stress-strain plots as shown in Fig. 1 . Stress, a, is the force, F, applied to a unit cross-sectional area, A (i.e. a = FIA); and strain, e, is the (Murphy, 1957). deflection per unit of the original dimension of the material. Strain can be distinguished as longitudinal strain, e ; , or bulk (or volumetric) strain, £y. These are expressed mathematically as £/ = Mil and e v = àV/V, where AI is the change in the longitudinal dimension (length), I is the original length of the body, AV in the change in the volume of the material due to applied stress, and V is the original volume of the material. Accordingly, the materials are classified as elastic, inelastic, or plastic. If the material, on removal of stress, completely returns to its original position, the material is said to be elastic. If the material exhibits residual strain upon removal of stress, the material is said to be inelastic or plastic. The ratio of the change in stress per unit change in strain is known as Young's modulus of elasticity, which is a fundamental property of elastic materials. In fluid mechanics, this elastic property is defined by compressibility, which is the inverse of the bulk modulus of elasticity, and is used to define the speed of elastic waves in fluids. In groundwater hydrology, compressibility is one of the three fundamental properties of porous media as well as fluids (Freeze & Cherry, 1979) . Magnetic susceptibility, a kind of strain in electrical engineering, is treated as an important property of electro-magnetic materials. In this paper, the physical significance of the Seddon speed formula will be explained with the aid of these concepts.
Thermodynamic concept
The thermodynamic concept is closely associated with the concept of elasticity. It has been reported (for example, Murphy, 1957; Hayden et al., 1986 ) that certain materials do not follow the same path on the stress-strain graph (as shown in Fig. 1 ) in unloading as they did in loading. This is termed hysteresis, which denotes the energy loss represented by the area encompassed by the loop OABO in Fig. 1 . Hysteresis indicates the amount of strain energy per unit volume which is lost in a cycle of loading and unloading. The cycle may be completely tension, completely compression or any combination of tension and compression. Expressed mathematically (Mishra & Singh, 1999) :
where T is the period of one cycle. The energy absorbed in a cycle of loading and unloading may be expended in several ways. It may be dissipated in the form of heat, it may be utilized in permanent relative displacement of the particles of the material resulting in a permanent set, or it may serve to alter the property of the material itself (Murphy, 1957) . It is important to note that the quantity of energy lost in a cycle of loading and unloading beyond the proportional limit is not a fundamental property of the material, but is dependent on the amount of stress applied and the resulting strain in the cycle, and may be different for two consecutive cycles. Hysteresis is of importance in predicting the behaviour of materials when subjected to vibration. If the hysteresis is large, the vibrations will damp out rapidly. The magnitude of the damping effect is, however, evaluated not only by this hysteretic property but also by a property called damping capacity. The damping capacity of a material is defined as the ratio of the energy loss per cycle of loading and unloading (hysteresis) to the maximum energy absorbed during one cycle of the vibration (Murphy, 1957) . This concept of elasticity and hysteresis is extended to the analysis of flow behaviour in open channels below.
Hysteresis in hydraulics and water resources
Similar to stress-strain curves, rating curves are important in hydrology and water resources. A rating curve is a plot between stage (a variant of pressure or stress) and discharge recorded at a gauging site and is frequently used in flood routing. Rating curves used to convert a water stage record to the corresponding discharge record are either single-valued or double-valued. For reasons of simplicity, the single-valued rating curves are most commonly used. Hysteresis occurs when discharge is a dual function of stage, implying a loop in the rating curve. In a recent experimental study, Lubkin (1997) described the hysteretic phenomenon through stick-slip behaviour at low velocity gradients across the layer with a transition to continuous motion at higher velocity gradients. The literature on flood wave propagation in open channels employing hysteretic rating curves (Henderson, 1966; Cunge et al, 1980; Ponce, 1989 ) reveals that (a) hysteresis is a manifestation of channel storage; (b) the channel roughness causes flow unsteadiness which, in turn, produces hysteresis in the rating curve at a site; and (c) larger hysteresis pertains to larger flood wave attenuation and vice versa. As exemplified by the works of Cunge et al. (1980 ), French (1985 , Ponce (1989) among others, attempts to describe flood wave characteristics using looped rating curves commenced probably after Henderson (1966) . Mishra & Seth (1994 ,1996 described the above flood wave characteristics using a non-dimensional hysteresis, r) (postulated range 0-1), and developed criteria for defining wave types including KW, DW and DYW. They described hysteresis as an index of energy expended by the flood wave during its period. The results of their study were further supported and verified by Jain et al. (1996) and Mishra et al. (1997) . Mishra & Singh (1999) derived an analytical relationship between r\ and the phase lag, <j >, as T) = (n/4) sin4>. Mishra & Singh (in press) , by employing the concept of elasticity, showed hysteresis to be a representative index of energy loss. The concept of energy loss is closely related to the concept of entropy in thermodynamics.
Entropy
Entropy is used to describe the disorder of a system and it always tends to increase in a closed system. In thermodynamics, entropy is usually defined in terms of the irreversible component of heat. In hydraulics, for a flow to maintain its occurrence, it has to perform work to overcome frictional forces resisting flow. This involves conversion of flow energy (mechanical) into heat energy through friction. This irreversible conversion of energy represents energy loss and usually increases the entropy of a hydraulic system. The heat energy is conducted through the fluid and its bounding walls, if any, into the atmosphere and eventually is dissipated through space. The amount of energy so deployed is a function of the system geometry and the type of forces or energy affecting the system. The quantitative formulation of this function is described by the resistance equation in hydraulics. Thus, every flow process is a conservation process, according to the energy conservation principle (the first law of thermodynamics) and a decay process according to the entropy-increase principle (the second law of thermodynamics). Since the paper revisits the Seddon speed formula in the shallow wave spectrum, it is desirable to introduce the Rankine (1870) hypothesis of energy loss in wave propagation.
Rankine's hypothesis of energy loss in wave propagation
Rankine (1870) described the permanence of wave propagation using kinematic and dynamic conditions. The permanence is referred to as wave propagation without energy loss or change of the type of wave. The kinematic condition can be shown to be equivalent to the continuity equation (equation (1)) and the dynamic to the momentum equation (equation (2)) of the St Venant equations. Rankine perceived these conditions as necessary for a wave to propagate without energy loss. However, a certain amount of energy is required to produce a wave. The energy so expended is utilized by the wave to propagate with a certain speed and to alter the bulkiness (inverse of mass density), particularly the bulkiness of gaseous substances. In the present context, the bulkiness is equivalent to the channel storage, as shown below.
Rankine (1870) defined the kinematic condition as Aw = MAS, where M is the mass velocity defined as the matter passing through a tube of unit area of cross-section in unit time and B is the bulkiness defined as the space filled by a unit mass of matter (= SIM) where S is the volume. Thus, this condition can be written as Au = AS/At, which is the continuity equation for S being analogous to the channel storage. According to Rankine's hypothesis, energy loss occurs with a change in wave type, consistent with the propagation of natural waves. A change in discharge or a consequent change in channel storage indirectly refers to the change in wave type and consequent energy loss. As a corollary, a wave is permanent until it is subjected to a change in storage. In the shallow wave spectrum, the KW and GW can be perceived as the two possible stable wave types unlikely to experience a change in storage. The work done in altering storage under both wave situations is zero, as shown later. Therefore, a wave different from these will have a tendency to attain a stable situation analogous to the chemistry of ions. Ions possessing an unstable atomic structure always tend to attain the nearest possible stable atomic structure, and similarly shallow waves seek to attain stability.
Kinematic and gravity waves are the most stable, whereas DWs, SDYWs and DYWs are in decreasing order of stability. A DYW may change to a KW or a GW depending on the relative weights of inertial to body forces. In a horizontal channel or at greater depths of flow where the role of channel slope is insignificant, a DYW is most likely to change to a GW; in a steep channel, it finally changes to a KW. This is consistent with descriptions of such phenomena by , Mishra et al. (1997) , and the dambreak flood forecasting model (DAMBRK) manual (NWS, 1981) . Thus, the momentum equation as such represents the potential of a wave to lose energy during propagation with respect to either a KW or a GW.
The work done in altering channel storage is transformed to heat following two processes of thermodynamics. The first converts to heat at constant pressure and the second at constant volume, known in thermodynamics as specific heats, c p and c v , respectively. With the aid of a looped rating curve, these processes can be realized as shown in Fig. 2 . In Fig. 2(a) , u changes from normal velocity at constant depth of flow h (or pressure) and in Fig. 2(b) , h changes from normal depth of flow at constant u.
Using the above concepts of elasticity and thermodynamics, the following text first derives analytically the link between the Seddon speed and the speed due to linear solutions, then derives wave propagation characteristics, next revisits the Seddon formula by providing a physical interpretation of the parameter m, and finally describes the occurrence of the hysteretic phenomenon.
ANALYTICAL DERIVATION
Equations (1) and (2) can be linearized as below (Mahmood & Yevjevich, 1975; Ponce & Simons, 1977) :
where u' and h' are small velocity and depth perturbations about the normal velocity of flow u 0 and normal depth h 0 , respectively. Expressed mathematically:
After Menendez & Norscini (1982) , the solution of equations (12) and (13) follows:
where à^(2%/L)(hJ S,); $ = {2ii/T\h"/{u"S")); t ={t u "S 0 )/h 0 \ x = (xs 0 )/h"; y = <j >/ 7ï ; û and ft are, respectively, the dimensionless amplitudes of w-wave and ft-wave; T is the time period of the wave; and L is the wave length (L = cT). The term y ranges between 0 and 1 : y = 0 corresponds to <j ) = 0 and y = 1 to § = n. Substitution of equation (6) into equation (7) yields:
which leads to:
where Q = w/ft. Under the assumption of small perturbation analysis, the parameter m of the Seddon formula can be derived as:
which is valid for a unit-width rectangular channel. Therefore, from equation (9), the following can be derived:
where m R = ficosy and m/ = £2siny. Therefore:
The first term on the right-hand side of this version of the Seddon speed formula accounts for translation and the second for attenuation, as shown later. This is also consistent with the work of Price (1973 Price ( , 1985 . Substitution of equation (8) into equation (4) (the continuity equation) and employment of equation (11) yield:
where c -clu 0 and c r represents the dimensionless relative celerity. Equation (13) establishes a link between the dimensionless relative celerity from the Seddon speed formula and the dimensionless relative speed from the linear solution of the St Venant equations. The continuity equation represents a kinematic condition for which the phase shift is equal to zero. It is worth noting that equation (13) only equates the real component of the parameter m to c r > and thus explicitly describes their equivalence. The following text derives wave characteristics using m, shows the variation of TUR or c r w ith the change of wave type, and describes these waves using the Rankine hypothesis and the law of elasticity.
Kinematic wave
The KW formulation consists of equation (4) and term IV of equation (5). The linear solution for a KW (derived in Appendix I) yields c R = 1/2, <] > = 0 and S = 0, where 8 is the logarithmic decrement. Since the phase lag, <| >, is equal to zero, a KW can be described as an elastic wave, analogous to the elastic materials described earlier. Since 6 = 0, KWs will not exhibit attenuation and, in turn, any change in storage or wave type. Thus, according to the Rankine hypothesis, such a wave is of a permanent nature and propagates without any energy loss.
Diffusion wave
The DW is composed of equation (4) and terms HI and IV of equation (5). The DW solution (derived in Appendix I) describes the wave characteristics as c R = 1/2, S = -27t(d/3) and (j>=arctan(ô"/2). It is evident that both 8 and § are non-zero for a non-zero ô. If c = 0, the wave becomes kinematic for which both <) ) and 8 are equal to zero. Thus, a diffusion wave (ô #0) exhibits a certain amount of phase lag and, therefore, can be described as an inelastic wave, which is consistent with the law of elasticity. According to the Rankine hypothesis, DWs are of non-permanent nature and will exhibit attenuation in propagation until a stable KW condition (a = 0) is attained.
Steady-dynamic wave
The SDYW formulation consists of equation (4) (5), which describes the rate of change in the magnitude of velocity perturbations with space, equal to zero, the mechanism of the above waves can be described, following equation (2). With a DW, the velocity does not change along the flow direction, whereas the depth of flow changes. With a KW, both the velocity and depth remain unchanged during the course of propagation, whereas a SDYW is characterized by changes in both velocity and depth with space. The change in velocity with space in a SDYW eventually introduces the Froude number to account for the inertial force. Here, it is important to note that the continuity equation (equation (1)) does account for variations in stage and velocity with space and variation in stage with time, whereas the approximate formulations ignore their impact on momentum. Consequently, these approximations exhibit lesser capacity to lose energy (or attenuation or damping capacity) than the DYW (Mishra & Singh, 1999) . In terms of the concept of elasticity, SDYWs are inelastic waves since <) ) is non-zero (equation (14)) for given ô and F 0 . According to Rankine's hypothesis, these waves are of a non-permanent nature and will attenuate during propagation until a stable condition of a KW ( ô = 0) is attained.
Gravity wave
Equation (4) and terms I, II and III of equation (5) represent the GW formulation. The GW solution (derived in Appendix I) yields c r =±11F , where the + sign represents a primary wave propagating downstream and the -sign corresponds to a secondary wave propagating upstream. According to equation (5), these waves occur when both S/ and S 0 are equal to zero, and thus no energy is lost. Consequently, the imaginary component of m becomes zero making both 8 and (j) equal to zero. Therefore, these waves can be described as elastic waves of a permanent nature.
Dynamic wave
Equations (4) and (5) 
where Ç is the KW number (= 1/ÔF, 2 ). These derivations conform to those derived by Ponce & Simons (1977) and Menendez & Norscini (1982) who have also described in detail wave characteristics employing the above derivations. The underlying difference between a dynamic wave and a steady-dynamic wave is one of velocity change with time (equation (5)); the former accounts for momentum whereas the latter ignores momentum, as do the KW and DW formulations. As both 8 (equation (16)) and (J) (equation (17)) are non-zero quantities for given ô and F 0 , DWs can be described as inelastic waves of a nonpermanent nature, as described above. These waves are likely to change finally to either KWs or GWs, depending on the relative weights of terms I and TV in equation (5). In open channel flow, DYWs frequently change to become KWs because of the presence of both 5/ and S 0 , as has been shown by Mishra & Seth (1994 , 1996 , Mishra et al. (1997) , and Mishra & Singh (1999) . Gravity wave situations may arise at very high depths of flow, where those terms are insignificant.
PHYSICAL INTERPRETATION OF m
The parameter m can be physically interpreted in terms of the laws of thermodynamics as follows. The amount of energy expended to produce a wave is (Rankine, 1870) E = p-u, where E -energy expended in unit time, p = pressure, and u = flow velocity. A part of this energy, E c , contributes to translating a wave with a certain speed c and the remaining part, £g, contributes to altering the channel storage. Thus E= E c + £g. For a unit mass, E c and £ § are determined, respectively as:
In equation (18), subscripts 1 and 2 correspond to undisturbed and disturbed states, respectively. The work done in altering the channel storage is attributed to the imaginary component of m as described earlier. For a unit mass, £"5 is equivalent to £5 = {ll2)m]ul. Therefore, it follows that:
Substitution of equation (Al) (Appendix I) into equation (19) yields:
Therefore, 8 represents the ratio of the magnitude of the work done in altering the channel storage or phase to the energy expended in translation. In a looped rating curve (Fig. 3) , £5 corresponds to the shaded area. Thus, the real component of m signifies the energy expenditure in translation and the imaginary component describes the energy expenditure (or loss) in attenuation. Physically, m can be described from equation (10) as the ratio of two longitudinal orthogonal strains. The strain (dulu) in its numerator can be interpreted as a longitudinal strain in the horizontal direction and that (dh/h) in the denominator as a longitudinal strain in the vertical direction. In this equation, the numerator (udu) represents the energy expended in unit time at constant pressure and the denominator (udh) represents the energy expended in unit time at constant storage (or volume). From the concepts of thermodynamics, these are analogous to the specific heats c p and c v which refer to constant pressure and constant volume, respectively. Here it is necessary to mention that in a closed gaseous system, the work done on altering the volume of a gas converts to heat to increase the kinetic energy of the molecules of the gas or indirectly increase its temperature. In open channel flow, the heat produced in the work done on altering channel storage is conducted through water into the atmosphere and eventually dissipated through space.
NORMAL RATING CURVE Fig. ; . 3 Graphical representation of £5.
The parameter m can also be described using the imaginary component of equation (11) as m, = Q,siny, where Q, is the amplitude ratio of velocity and depth of flow (û/h). Assume U and H are the velocity and depth amplitudes of a «-wave and an /i-wave, respectively. Their normalization using u 0 and h 0 , respectively, leads to re-defining Q, as:
Since U and H represent amplitudes about u C) and h 0 , respectively, the last part of equation (21) represents the ratio of the maximum possible amount of c p and c v and can be designated as m max , analogous to m. Thus, Q = m» Therefore, y can be defined as: m/mmax = siny. The ratio m;/m max represents the ratio of energy loss (non-dimensional) in unit time to the potential maximum energy (non-dimensional) available for being lost in unit time or, indirectly, the potential maximum energy (per unit time) of the input wave. This ratio is identical to the definition of damping capacity (DC) (Murphy, 1957) , described earlier.
Thus, DC is solely dependent on y, which is a function of phase lag, (|), an attenuation driving parameter (Menendez & Norscini, 1983) . For y = 0, DC = 0. Thus, the damping capacity of a kinematic wave is zero. The value of DC can vary between -1 and +1. Here, the -sign corresponds to the situation when an /i-wave precedes a w-wave and the + sign shows that an ft-wave follows a w-wave. Therefore, DC describes the magnitude of the damping effect. To distinguish the damping capacity from hysteresis, r\ is re-derived from equation (3) using linear perturbation theory as n = Txw/isiny, which is valid for simple cosine waves. In equation (3), o was replaced by h, e by u, and total derivatives by partial ones. In this r\-y relationship, r\ is made non-dimensional using u 0 h 0 . The term uh represents the power (non-dimensional) (or energy per unit time) of the input wave. Murphy (1957) described hysteresis as an index of energy expenditure that describes how quickly vibrations will damp out. Similarly, from the above r)-y relationship, T| can be defined as an index of energy expenditure representing the magnitude and quickness of wave subsidence in unit time period of wave propagation. A larger power of the input wave will yield a larger r\ and the wave will subside or damp out more quickly, and vice versa. Such a definition also infers that waves of larger r| values (for example, DYWs) will exhibit shorter time periods than those of smaller r\ values (for example, DWs) for a given power of the wave. Thus, the damping capacity describes the magnitude of subsidence whereas the hysteresis indicates the magnitude and quickness of subsidence. The mechanism of the occurrence of the hysteretic phenomenon in rating curves can be described using entropy as described below.
DESCRIPTION OF THE HYSTERETIC PHENOMENON
The hysteretic phenomenon can be explained in terms of the mechanism of energy loss described above. The momentum equation, as shown earlier, represents the condition of potential energy loss (or maximum entropy) with respect to a KW or a GW. How much energy loss actually takes place depends on the term Sf which is dependent on the secondary terms of the momentum equation (terms I, II and III of equation (5)). Here it is important to describe first the physical mechanism of energy loss for KWs and GWs. The energy expended in producing a KW or a GW is actually utilized for translating these waves with a certain speed. For the reason of constant channel storage due to uni-form flow, the work done for KWs is zero. Gravity waves propagating under the conditions: S 0 = 0 and S/= 0 only translate. The hysteresis in a rating curve is thus the manifestation of the storage-change component. This concept supports the Rankine (1870) hypothesis. As the channel storage alters, the wave type changes and consequently, energy loss occurs. The change in wave type can take place due to either a change in the input discharge (or velocity) or attenuation (or amplification) of the input wave. The foregoing discussion reflects the underlying mechanism of the formation of a loop rating curve in terms of energy loss and maximum entropy.
Mechanism of the formation of a loop rating curve
The mechanism of loop formation in a rating curve can be explained with the aid of hypothetical velocity and stage hydrographs that yield a rating curve as shown in Fig. 4 . In that figure, point O corresponds to the starting and ending magnitudes of velocity and stage in the velocity and stage hydrographs, respectively; point P corresponds to the peak velocity; and H to the peak stage. As the flow increases from A to B (Fig. 4) , its velocity of flow UA at depth HA increases to UB until it reaches the condition of maximum entropy of the flow system at depth /14. Alternatively, when the maximum capacity of the channel to sustain flow velocities at depth HA is reached, a change in storage takes place and the depth of flow increases from HA to h BIn terms of the linear perturbation theory, the above phenomenon can be explained as follows. Assume an initial flow situation at C at flow depth hg, representing a kinematic wave, the most stable condition. The velocity of flow increases with increase in the input energy. This increase is coupled with a decrease in the depth of flow following the law of energy conservation. This process continues until the channel capacity is exhausted or maximum entropy is attained. It is further elaborated below.
When the flow condition changes from A to B, the significance of the terms of the momentum equation also changes. In the present case of a changing situation from A to B, the significance of inertial forces goes on increasing and leads to higher 5/ than S 0 . This process continues till the peak flow (P in Fig. 4 ) of a hydrograph is attained. From P to H the process passes through a stage of transition, which is the region of dominating inertial forces. Point N corresponds to the KW situation for which S/= S 0 . This condition makes the wave equivalent to a GW situation (equation (2)), where the role of S 0 and Sf diminishes, as seen in Fig. 5 showing a typical variation of flow strain (Mishra & Singh, in press) with h. Points O, B, P, H, and O in Fig. 4 correspond respectively to points A, B, C, D, and E in Fig. 5 . The process of a changing situation from H to O corresponds to the process of a constant volumetric strain (Mishra & Singh, in press ). The work done during the constant strain process depends on the initial condition H, which also decides the course from H to O. The process of change from E to F in Fig. 4 can be described as the reverse of that from A to B.
CONCLUSION
The following conclusions are drawn from this study: -There is a link between the wave celerity computed from the Seddon speed formula and that computed from a linear analytical solution of the St Venant equations. -Using the Seddon formula, wave characteristics (wave celerity, logarithmic decrement, and phase difference) are found to conform with the available analytical solutions. -The analytical solution leads to the dimensionless relative celerity being the ratio of c p and c v which are the specific heats at constant pressure and volume, respectively. -Kinematic (KW) and GW are found to be the most stable situations to either of which, during propagation, a DYW would finally convert depending on the significance of body forces with respect to inertial forces. -If inertial forces dominate, DYWs will transform to GWs and otherwise to KWs if body forces dominate.
In open channel flow, wave attenuation is found to represent the ratio of the magnitude of work done in altering channel storage or phase to the energy expended in translation; the former represents the area of the loop in a hysteretic rating curve. The physical interpretation of the parameter m further led to (a) defining the damping capacity of a wave as a function of the phase difference that describes the magnitude of subsidence, (b) redefining the non-dimensional hysteresis as an index of both energy expenditure in one time period and the quickness of wave subsidence, and (c) describing the occurrence of the hysteretic phenomenon in a stage-velocity relationship in the context of the laws of thermodynamics.
APPENDIX I
Linear wave solutions using m Kinematic wave Substitution of equation (8) into equations (4) and (5) (term IV) and employment of equation (11) yields m = 1/2, from which m R = c r =1/2, andm, =0.
Thus from the relationship y =o/Jt and equation (11), 0 = 0. The logarithmic decrement S is related to 0 as below (Singh, 1996) :
-,orô=-27t -(Al) l + £2cos<|) l + m K Therefore, the employment m/ = 0 in equation (Al) yields 5 = 0. Here, it is worth mentioning that equation (Al) derived from the continuity equation representing a kinematic wave (Singh, 1996) is used for computing S for other waves using the same reasoning as for the relationship m= c r (equation (13)) and the derived results conform to those of Ponce & Simons (1977) . (15)- (17) following the Ponce & Simons (1977) approach for the dynamic wave solution.
Diffusion wave
